Background: Offset Analgesia (OA) can be evoked by a threeheat-stimulus train (T1-T2-T3), with T1 (5 s) and T3 (20 s) having the same temperature (e.g. 48°C) and T2 (5 s) being slightly higher (1-3°C). OA is defined as a disproportional pain reduction caused by the slight temperature decrease from T2 to T3. As the pain modulatory mechanisms behind OA are still poorly understood, the current study aimed to investigate the role of peripheral and central mechanisms by applying heat stimuli to the same location and to different unilateral and bilateral locations. Method: Young healthy volunteers participated in the study. A 'standard-OA' paradigm (48-49-48°C) was applied to the nondominant volar forearm (T1-T2-T3 applied on the same location). 'Unilateral-OA' trials were applied on three different locations of the non-dominant volar forearm (the same dermatome). 'Bilateral-OA' trials were applied by shifting T1-T2-T3 between dominant and nondominant volar forearms. A constant stimulus of 48°C was applied as control for the evoked pain. The pain intensities were continuously recorded using an electronic visual analogue scale. Results: The largest pain intensity reduction was reported for the 'standard-OA' paradigm (p < 0.001) compared with the control stimulus. Both 'Unilateral-OA' and 'Bilateral-OA' trials caused a significant pain reduction (p < 0.05) compared with the control; however, the pain reduction was less than that evoked by 'standard-OA' (p < 0.05). Conclusion: This study showed that OA could be elicited when the stimuli were applied both to the same and to different locations (ipsiand contralateral) indicating that peripheral as well as central mechanisms are involved in mediating OA. Significance: This study investigated offset analgesia by applying thermal painful stimuli to the ipsi-and bilateral forearms in healthy subjects and found that both peripheral and central mechanisms seem to mediate offset analgesia.
Introduction
Offset Analgesia (OA) is a disproportionally large reduction in perceived pain following a slight decrease in painful stimulus intensity (Grill and Coghill, 2002) and may be considered a potential novel mechanistic pain assessment tool for assessing peripheral or central pain modulatory processes (Grill and Coghill, 2002; King, 2014; Arendt-Nielsen et al., 2015; Hermans et al., 2016) . Using a threetemperature-stimulus train (T1-T2-T3: T2 higher than T1; T3 equal to T1), Grill and Coghill discovered that a slight decrease (1-3°C) from T2 to T3 evokes a temporary analgesic effect with significantly lower pain ratings compared with control trials applying constant temperature stimuli (Grill and Coghill, 2002) .
Changes in afferent information, occurring during certain stimulation frequencies, are amplified or attenuated, due to a filtering of the sensory information (Mørch et al., 2015) . Even though the temporal aspects of pain perception are still not fully understood, the transduction and conduction delays differ between afferent fibre types (Treede et al., 1998) , resulting in a complex filtering of the applied heat (Greffrath et al., 2007) . These peripheral mechanisms will result in temporal filtering, but several studies have indicated that central mechanisms are also involved in temporal filtering of heat pain perception (Yelle et al., 2008; Mørch et al., 2015) . Despite these dynamic processes could be confirmed in OA-trials, as OA reflects temporal filtering of sensory information (Yelle et al., 2008; Mørch et al., 2015) , there is an ongoing debate regarding the role of peripheral and central mechanisms mediating OA. OA seems opioid-independent (Martucci et al., 2012a) , and no effect is found on OA after oral Clonidine (a 2 -receptors agonists and Imidazoline-I 1 -receptor agonist; Nahman- Averbuch et al., 2016) , suggesting that OA is different from conditioned pain modulation (CPM), which is reduced after Dexmedetomidine (a 2 -receptors agonists; Baba et al., 2012) .
Previous fMRI studies have shown that the Periaqueductal Gray (PAG) of the brainstem and Rostral Ventral Medulla (RVM) are activated by an OAparadigm, but not during standard CPM-paradigms (Nahman-Averbuch et al., 2014) , suggesting that OA and CPM activate different pain inhibitory systems. Moreover, several studies demonstrated that the facilitatory influences on spinal nociception that are emanated from the RVM are partly mediating the central sensitization (Millan, 2002, Vo and Drummond, 2014a) , while the possible role of a peripheral mechanism involved in OA could explain differences in brain activation during OA and CPM (NahmanAverbuch et al., 2014) .
The aim of the present study was to systematically investigate the role of peripheral and central contribution to OA by applying a series of OA-trials by the use of thermal painful stimuli to similar and different locations (unilaterally and bilaterally). The hypothesis of the present study was that both peripheral and central mechanisms contribute to OA.
Materials and methods

Participants
Since pain inhibition is reduced in older adults (Riley et al., 2010) , healthy young volunteers were recruited to participate in two sub-studies (Unilateral-trials: 12 females and 12 males; 1 left-handed, 23 right-handed, average age 27 AE 4 years; Bilateral-trials: 12 females and 12 males; 2 left-handed, 22 right-handed, average age: 28 AE 4 years). Eight participants participated in both sub-studies. The participants were excluded if they suffered from any concomitant pain problems, used any analgesics, lacked understanding of the procedures or had any history of alcohol or drug misuse. All participants were given oral and written information and signed written informed consent prior to the initiation of the study. The study complied with the Helsinki Declaration and was approved by the local Ethical Committee (reference number: N-20120043).
Materials
Heat stimuli (rise and fall rate: 6°C/s) were applied using three individual Medoc Pathway systems (Medoc Ltd., Ramat Yishai, Israel) with a 30 9 30 mm squared probe attached to the forearm with a Velcro strap. Three identical, equally calibrated, and computer-controlled thermal probes were used for the experiment. All experimental trials were divided into three time intervals of painful heat stimuli: T1 (5 s), T2 (5 s), and T3 (20 s). The baseline temperature was 35°C, and the temperatures during all trials were: T1 = 48°C, T2 = 49°C, and T3 = 48°C. The participants were asked to rate the overall pain intensity experienced on a continuous electronic visual analog scale (VAS; Aalborg University, Aalborg, Denmark) anchored at 0: no pain and 10: worst imaginable pain. Since primary afferents are known to have an adaptive behavior (Tillman et al., 1995; Derbyshire and Osborn, 2009 ), all trials were separated by five minutes to avoid adaptation, hyperalgesia or other carry-over effects on the site of the stimulation, as shown in a recent study (Vo and Drummond, 2014b) .
Study design
The study consisted of two sub-studies: sub-study 1 (Unilateral-trials) where the stimuli were applied at different locations (within the same dermatomes) of the non-dominant volar forearm, and sub-study 2 (Bilateral-trials) where stimulations were applied bilaterally within the same segment (volar forearm): Unilateral-and Bilateral-trials are sketched in Fig. 1A and B, respectively.
Sub-study 1: Unilaterally evoked offset analgesia trials
Three areas (A) on the non-dominant forearm were used for the painful stimuli: A1, A2, and A3, located 3 cm, 7 cm, and 11 cm distal to the elbow joint, respectively (Fig. 1A) . The three individual thermal stimulators were programmed to apply the different skin temperatures to the three areas using a single trigger for initiation of the various protocols. In total, nine trials were applied to each participant in substudy 1 as described below.
2.3.1.1 Control trials (control). Three control trials were conducted with a constant temperature of 48°C for 30 s on one area (areas A1, A2 and A3), and the average pain ratings across the three trials were calculated (referred to as 'Control') and used for the analysis.
2.3.1.2 Offset analgesia unilateral trials (UOA). Three traditional-OA-trials were conducted according to the protocol proposed by Grill and Coghill (Grill and Coghill, 2002) . The three-stimulus train was delivered individually to one area (areas A1, A2 and A3). The pain ratings across the three trials were averaged (referred to as 'UOA') and used for the analysis.
2.3.1.3 Different location unilateral trials (P1-P3). Three protocols (P1, P2 and P3) were constructed, applying heat to different locations to the non-dominant volar forearm as follows ( Fig. 1A ):
(1) P1: A1 for T1, A2 for T2 and A1 for T3.
(2) P2: A1 for T1, A1 for T2 and A2 for T3. (3) P3: A1 for T1, A2 for T2 and A3 for T3.
The sequence of all unilateral trials was randomized.
Sub-study 2: Bilaterally evoked offset analgesia trials
The stimuli were applied using two individual thermal stimulators programmed to apply different temperatures using a single trigger for initiation of the various protocols. The stimuli were applied to the volar forearms 3 cm distal from the elbow joint (Fig. 1B) . In total, eight trials were applied to each participant in sub-study 2 as described below.
Offset analgesia bilateral trials (BOA).
Two traditional-OA-trials were applied to the nondominant (ND) and the dominant (D) forearm. The averaged pain ratings were calculated across the two sessions (referred to as 'BOA') and used for the analysis.
Different location bilateral trials (P4-P6).
Three protocols (P4, P5, and P6) were constructed, applying heat stimuli alternating between the two volar forearms (Fig. 1B) . The three protocols were applied as follows:
(1) P4: 1 (ND for T1, D for T2, and ND for T3) and 2 (D for T1, ND for T2, and D for T3). (3) P6: 5 (ND for T1, ND for T2, and D for T3) and 6 (D for T1, D for T2, and ND for T3). Each protocol was 'mirrored' and thus applied twice. The average of the two 'mirrored' trials was used for further analysis. The sequences of the bilateral trials were randomized.
Statistical analysis
The statistical analysis was performed using SPSS (version 24.0; IBM Corporation, New York, NY, USA). The analgesic effects took place after the decrease in the temperature from T2 to T3 (49°C to 48°C; Grill and Coghill, 2002) . The average pain ratings following the decrease from T2 to T3, i.e. in the time interval between 16 s and 20 s (due to the delay of the thermodes to reach the target temperature and the responses latency) were calculated (Fig. 2) . The time window used for statistical analysis of OA-effect was adapted based on the study conducted by Grill and Coghill (2002) .
Initially, the sex differences in OA were investigated independently for each protocol using independent t-tests. Secondly, differences between the protocols (CONTROL 1-3, UOA 1-3, BOA 1-2, P 4-6 and the mirrored protocol) were investigated independently for each protocol using repeated measures Analysis of Variance (rmANOVA) and averages were calculated, since no differences were found. Thirdly, two rmANOVAs were applied to investigate the difference in pain ratings between the protocols. The sub-studies were analysed separately with paradigm (sub-study1: CONTROL, P3, P2, P1, UOA, and substudy2: CONTROL, P6, P5, P4, BOA) as main factor. The CONTROL paradigm was the same for both substudies. Finally, the OA-effect was calculated as the differences in pain ratings between the control and each of the four protocols in both sub-studies, and the OA-effect was compared between protocols within each sub-study using rmANOVA. The Bonferroni post-hoc test was applied in case of significant findings. The data are presented as mean AE standard error of mean (SEM). p < 0.05 was considered significant.
Results
Eight subjects participated in both the sub-study 1 and sub-study 2 and these demonstrated no significant differences (rmANOVA: F(1-2,22-44)<0.64, p > 0.53) in pain ratings to any of the paradigms or age (independent t-test: p > 0.19) compared to subjects who only participated in one sub-study. No significant differences in the VAS ratings between females and males were found for any of the protocols (p > 0.14).
Unilaterally evoked offset analgesia trials
The mean VAS scores of the three CONTROL-and the three UOA-trials showed no significant difference (rmANOVA: F(3,21) = 0.14, p > 0.9, and rmANOVA: F(2,22) = 4.24, Bonferroni: p > 0.1, respectively). Therefore, the mean values for CONTROL and UOA were taken, as shown in Fig. 2A and B, respectively.
The mean VAS scores of the unilateral trials are shown in Fig. 3A . Significantly lower mean VAS scores (rmANOVA: F(4,20) = 14.01, p < 0.001) compared with the control trials were found for P1 Figure 2 Colored lines represent the pain intensity (VAS scores, 0-10 cm) of painful stimuli. VAS: Visual Analogue Scale. (A) Unilateralparadigms for CONTROL applied to area A1 (CONTROL1, red), to area A2 (CONTROL2, blue), to area A3 (CONTROL3, green), and average value (dashed black). (B) Unilateral-paradigms applied to area A1 (UOA1, red), to area A2 (UOA2, blue), to area A3 (UOA3, green), and average value (UOA, black). (C) Bilateral-paradigms applied to the dominant forearm (BOA1, red), to the non-dominant forearm (BOA2, blue), and average value (BOA, black).
(Bonferroni: p < 0.001), P2 (Bonferroni: p < 0.05), and UOA (Bonferroni: p < 0.001), but not for P3 (Bonferroni: p > 0.07; Fig. 4A ). Further, the mean VAS scores were significantly lower for UOA compared with P2 (Bonferroni: p < 0.001) and P3 (Bonferroni: p < 0.01).
Bilaterally evoked offset analgesia trials
The mean VAS scores of the two BOA-trials showed no significant difference (rmANOVA: F(1,23) = 0.15, p > 0.8). Therefore, the mean values for BOA were taken, as shown in Fig. 2C .
The mean VAS scores of the bilateral trials are shown in Fig. 3B . Significantly lower mean VAS scores (rmANOVA: F(4,20) = 11.26, p < 0.001) compared with the control trials were found for P4 (Bonferroni: p < 0.05) and BOA (Bonferroni: p < 0.01), but not for P5 (Bonferroni: p > 0.2) or P6 (Bonferroni: p > 0.9; Fig. 4B) . Furthermore, the mean VAS scores were significantly lower for BOA compared with P4 (Bonferroni: p < 0.05), P5 (Bonferroni: p < 0.001), and P6 (Bonferroni: p < 0.001). Finally, the mean VAS scores of P4 were significantly lower compared with P6 (Bonferroni: p < 0.01).
Offset analgesic effect
The calculated OA-effects are shown in Fig. 5 . Significantly lower unilateral OA-effects (rmANOVA: F (3,21) = 6.98, p < 0.001) were seen for P2 (Bonferroni: p < 0.01) and P3 (Bonferroni: p < 0.05), but not for P1 (Bonferroni: p < 0.9) compared with UOA. Significantly lower bilateral OA-effects (rmA-NOVA: F(3,21) = 15.97, p < 0.001) were seen for P4 (Bonferroni: p < 0.05), P5 (Bonferroni: p < 0.01), and P6 (Bonferroni: p < 0.001). Further, for the bilateral OA-effects, P6 was found to be significantly lower compared with P4 (Bonferroni: p < 0.01).
Discussion
Painful heat stimulation applied to different areas evoked an OA response, both when applied unilaterally (P1 and P2) and bilaterally (P4), indicating that a painful input from different receptive field areas is centrally integrated and capable of evoking OA. The study further showed that OA can be elicited when Mean pain intensity (VAS scores, 0-10 cm) following the slight temperature decrease in (A) unilaterally and (B) bilaterally applied offset analgesia (OA) stimulation protocols (P1-P6) and standard unilateral (UOA) and bilateral (BOA) offset analgesia paradigms. Significantly different from the control is marked as '*' for P<0.05, "**" for P<0.01 or "***" for P<0.001, and different from UOA and BOA marked is as '#' for P<0.05, "##" for P<0.01 or "###" for P<0.001. the stimuli are applied to different areas, both unilaterally and bilaterally. The traditional unilaterally generated OA, within same dermatome, is the most potent. The study confirmed that peripheral as well as central mechanisms contribute to the initiation of OA.
OA-Effect across test paradigms
The current study found the largest OA-effect using the traditional OA-paradigm proposed by Grill and Coghill (2002) . This paradigm has demonstrated OA in many studies using painful heat stimulations, with temperature stimuli ranging from 41-42-41°C (Derbyshire and Osborn, 2009) to 49-50-49°C (Grill and Coghill, 2002; Yelle et al., 2009; Martucci et al., 2012a; Nahman-Averbuch et al., 2014) .
In contrast to previous OA studies, the location of the stimuli was alternated to investigate to which extent the spatio-temporal filtering in the nociceptive system was able to produce an OA response. Complex spatio-temporal integration in the nociceptive system has previously been demonstrated (Trojan et al., 2006; Mørch et al., 2010) . Yelle et al., 2008 reported that pain reduction was found when the pain was induced proximally (but not distally) to a second painful stimulus (Yelle et al., 2008) . Similarly, the present study found that OA could be evoked when T3 was applied proximally to T2 (the P1). Furthermore, OA could be evoked when T2 was applied bilaterally to T1 and T3 (the P4), but not when applied unilaterally to T1 or T3 (P6 and P5, respectively). The analgesic behavior revealed in the current study suggests a synergy between the central mechanisms integrating temperatures applied to different locations and the peripheral mechanisms, as the OA-effect was larger when the temperatures were applied to the same location.
Previous studies have found the area of the receptive fields of C-fibres to range from, e.g. 6 mm 2 on the hand (Van Hees and Gybels, 1981), 35 mm 2 on the toes (Schmidt et al., 1997) , and 213 mm 2 on the lower leg (Schmidt et al., 1997) . The current study applied the stimuli outside of these ranges and still an OA response (the P1 and P2) was evoked, which could indicate that OA is not only peripherally, but also centrally mediated.
The complementary mechanisms behind OA and its pain attenuation still remain unclear, but impaired OA-effects have been observed in different groups of chronic pain patients. The chronic neuropathic pain patients showed reduced OA-effect (Niesters et al., 2011b; Suzan et al., 2015) , which could imply that the peripheral pathologies reduce OA and that peripheral mechanisms are involved in OA. In addition, the reduced OA-effect has also been observed in patients with central sensitization, such as fibromyalgia (Julien et al., 2005; Oudejans et al., 2015) . These studies in chronic pain patients indicate that OA is an integral feature of the pro-/anti-nociceptive balance of the healthy pain system, suggesting an impairment of the involved pain modulatory network.
Gender differences in offset analgesia
Gender differences to endogenous pain modulatory responses have been found for both healthy participants and patients with chronic pain (Staud et al., 2003) . Niesters et al., 2011 , reported an agedependent gender-effect with healthy males showing greater OA-effects compared with females (Niesters et al., 2011b) . Further, Honigman et al., 2013 found that the analgesic effect of OA could be increased by adding a CPM paradigm in addition to the OA paradigm, but this was only found in healthy males (Honigman et al., 2013) . In contrast, Naugle et al. (2013) and Niester et al. (2011) found no sex effects in OA (Niesters et al., 2011a; Naugle et al., 2013) . The current study found no gender differences in young healthy participants, but further studies need to confirm or disprove the presence of gender differences in OA.
Possible mechanisms behind OA
Contrary to CPM, where a local test stimulus is modulated by an extra-segmental stimulus (Yarnitsky et al., Figure 5 Offset analgesia (OA)-effects of unilateral (P1, P2, P3 and UOA) and bilateral (P4, P5, P6 and BOA) protocols. Significance levels compared with UOA (blue gradient colours) marked as '*' for P<0.05 and "**" for P<0.01. Significant difference for BOA (red gradient colors) marked as '#' for P<0.05, "##" for P<0.01 and "###" for P<0.001. VAS: Visual Analogue Scale. The OA-effect indicates VAS differences from the different protocols compared with the control stimulus.
2015), the pain modulation in OA occurs due to changes in the stimuli intensities at the local site of the body. During the Bilateral-trials, we have acknowledged that a CPM-effect could influence the VAS scores of the subjects. Their scores could be influenced by the bilateral stimulation; on the contrary, it could also be that subjects were unable to rate the felt pain as rapidly as they do during Unilateral-trials. Further, a recent study found no CPM-effect on a contact heat test stimuli during a contact heat conditioning stimuli, if stimuli were shorter than 20 s (Granovsky et al., 2016 ). In the current study, OA-effect was analysed from 16 s to 20 s, to avoid that the occurring pain relieving effect was CPM.
Whereas CPM is considered an integration of spatial mechanisms, OA implies temporal filtering mechanisms (Yelle et al., 2008) . To investigate the interaction between spatial and temporal mechanisms, a recent review (Hermans et al., 2016) suggested adding a spatial component to an OA-paradigm. The current study added a spatial component to the OA paradigms by stimulating bilaterally the forearms and confirmed an OA-effect, which could indicate central mechanisms to be involved in OA. Further, Honigman et al., 2013 found that applying a CPM-paradigm in parallel with an OA-paradigm enhanced the OA-effect (Honigman et al., 2013) , which suggests that OA consists of both temporal and spatial mechanisms. OA is believed to involve central mechanisms that evoke an analgesic response in a spatially localized area; this theory is confirmed by a study that showed that spatial summation was not reported when OA was simultaneously tested with two thermodes (Yelle et al., 2008) .
Moreover, spatial interactions were also reported during paired stimulus paradigms; in fact, OA was observed to modulate pain intensities, which were evoked by a discrete distal stimulus, while pain was terminated when tested from a proximal stimulus (Yelle et al., 2008) . To date, peripheral mechanisms are not able to fully explain the latter asymmetric special interactions due to the activation of distinct afferent fibre populations (Van Hees and Gybels, 1981; Jorum et al., 1989; Raja et al., 1999 , Yelle et al., 2008 .
To understand the peripheral contribution in OA, Martucci et al. 2012 , studied the OA responses before and after peripherally induced sensitization by capsaicin cream, but found no differences (Martucci et al., 2012b) , indicating that a strong peripheral sensitization does not change the OA effect, supporting the central contribution. In a direct comparison, Nahman-Averbuch et al., 2014 found that OA produced reduced activity in the SI cortex, but was associated with greater activation in the brainstem, the anterior insula, dorsolateral prefrontal cortex, intra-parietal sulcus, and inferior parietal lobule relative to CPM (Nahman-Averbuch et al., 2014), suggesting that different mechanisms are involved in OA and CPM.
To investigate the drug modulation of OA, Niesters et al., 2011 administrated ketamine and found no effect on OA in healthy volunteers (Niesters et al., 2011b) , suggesting that the NMDA-receptors are not involved in OA. Further, Martucci et al., 2012 found no effect on OA after remifentanil or naloxone intake in participants with opioid-induced hyperalgesia (Martucci et al., 2012a) , suggesting that OA is not opioid dependent. Other central pain mechanisms such as impaired CPM and facilitated temporal summation have been found to improve after duloxetine (Yarnitsky et al., 2012) or ketamine (Graven-Nielsen et al., 2000) administration. Future studies should investigate the specific pharmacological basis for OA. Furthermore, no animal OA-models have been developed to study the more fundamental aspects of OA, which would be important to investigate the involvement of the central pathways and transmitter systems.
Limitations
The temperatures of the thermodes and the very superficial skin were computer-controlled in the current study and it was assumed that the skin temperature followed the temperature of the thermodes. However, Magerl and Treede, 1996 found a delay in increasing pain after increasing heat stimuli of approx. 30 s (Magerl and Treede, 1996) . In contrast, Frahm et al., 2010 investigated this phenomenon in a computer-model, and found that changes in temperature reached the nociceptors and was perceived as painful within seconds (Frahm et al., 2010) . Future studies are encouraged to assess the skin temperature during offset analgesia paradigms using different areas of stimulation.
Conclusion
The study suggests that peripheral as well as central factors are involved in mediating OA. The central and peripheral components still need to be elucidated, and the possible role as a pain inhibitory pathway for, e.g. drug intervention should be further explored.
